Muscle cell cultures were prepared from the leg muscle of 12-d layer and broiler chicken embryos. Cultures were then compared over a 10-d period for their capacity to differentiate into muhinucleated myotubes and to synthesize and accumulate protein. Differentiation was qualitatively similar in the two cell types as evidenced by myoblast fusion that occurred rapidly during the first 2 d and remained essentially constant between d 3 and 10. However, several quantitative differences were observed. Even though the number of myotubes per culture was comparable between layers and broilers throughout development, layer muscle cultures usually exhibited a higher percentage fusion and more myonuclei per culture than broiler muscle cultures. Additionally, the nuclear density (i.e., the number of nuclei per myotube segment) was approximately 25% greater in layer cultures than in broilers between d 2 and 10 in culture. The rate of incorporation of 3Hqeucine into total protein during pulse labeling experiments was comparable in muscle cultures of layers and broilers; however, broiler muscle cells accumulated approximately 40% more total protein per nucleus between d 6 and 10. Myosin heavy chain synthesis rate was higher in layer than in broiler muscle cultures, but broiler muscle cultures accumulated IMichigan Agr. Exp. Sta. Article No. 9939.
Muscle cell cultures were prepared from the leg muscle of 12-d layer and broiler chicken embryos. Cultures were then compared over a 10-d period for their capacity to differentiate into muhinucleated myotubes and to synthesize and accumulate protein. Differentiation was qualitatively similar in the two cell types as evidenced by myoblast fusion that occurred rapidly during the first 2 d and remained essentially constant between d 3 and 10. However, several quantitative differences were observed. Even though the number of myotubes per culture was comparable between layers and broilers throughout development, layer muscle cultures usually exhibited a higher percentage fusion and more myonuclei per culture than broiler muscle cultures. Additionally, the nuclear density (i.e., the number of nuclei per myotube segment) was approximately 25% greater in layer cultures than in broilers between d 2 and 10 in culture. The rate of incorporation of 3Hqeucine into total protein during pulse labeling experiments was comparable in muscle cultures of layers and broilers; however, broiler muscle cells accumulated approximately 40% more total protein per nucleus between d 6 and 10. Myosin heavy chain synthesis rate was higher in layer than in broiler muscle cultures, but (Dawson et al., 1958) , larger diameter muscle fibers (Smith, 1963; Aberle et al., 1978) , more muscle fibers (Mizuno and Hikami, 1971 ) and approximately 50% more muscle mass (Mizuno and Hikami, 1971) .
Muscle size can be determined by a variety of mechanisms, including number of muscle fibers, number of nuclei within each fiber, activity of protein-synthesizing machinery and rate of protein breakdown. The fact that broiler muscle fibers are larger in diameter than la}'er fibers (Smith, 1963 ; Mizuno and Hikami, 197i i Aberle et al., 1978) suggests that muscle size can be regulated by intrinsic differences in the capacity of each fiber to accumulate muscle proteins as well as by the number of fibers in each muscle. Because analysis of muscle cells in culture premits examination of intrinsic protein synthetic ability in the absence of innervation and circulating factors (Young et al., 1978 (Young et al., , 1979b , the objective of this investigation was to study differentiation, protein synthesis rate an~l protein accumulation in muscle cell cultures isolated from embryos of layer and broiler chickens.
Materials and Methods

Animal Model and Experimental Design.
Broiler strain fertilized eggs (Hubbard x Hubbard) were obtained from Lamkins' Hatchery, Inc., Skowhegan, Maine. The fertilized eggs of the layer strain (DeKalb Leghorns) were purchased from Reichardt's Rainbow Trails Hatchery, St. Louis, Michigan. Cell cultures were examined after 1, 2, 3, 4, 6, 8 and 10 d in culture. Five experiments were conducted with both layer and broiler cultures at each of the above ages, and triplicate samples were taken at each age within each experiment.
Muscle Cell Cultures. Muscle cell cultures
were prepared from the leg muscle of 12-d layer and broiler embryos as detailed by Young et al. (1975) . Cell suspensions were then plated at equal densities in 10-cm diameter tissue culture dishes that had previously been coated with approximately 4 gtg/cm 2 sterile collagen. Cultures were incubated at 37 C in the presence of 5% CO2-95% air in a culture medium consisting of 85% Eagle's Minimum Essential Medium, 10% preselected horse serum, either 5% layer embryo extract (for layer muscle cultures) or 5% broiler embryo extract (for broiler muscle cultures), 2 rag/liter fungizone, 100,000 U/liter penicillin-streptomycin and 90 mg/liter gentamycin sulfate. To minimize variation caused by differences between lots of serum and embryo extracts the same lots were employed for all experiments. The significance of this stringent control is emphasized by Young and Dombroske (1981) . Embryo extract was prepared as described by Young (1975) .
Analysis of Cell Differentiation. In preparation for the counting of nuclei, muscle cell cultures were rinsed two times with an isotonic saline solution at 37 C, fixed in absolute methanol for 5 min at room temperature with occasional mixing and stained for 20 rain at room temperature in a solution containing .5 mg/ml Giemsa stain, 3.3% glycerol and 3.3% methanol. Excess stain was removed by repeated rinsing in distilled water.
Nuclei were counted in 10 randomly selected fields and the percentage of nuclei within myotubes was calculated by dividing the number of fused nuclei by the total number of nuclei and multiplying by 100. Because both the area of the culture dish and the area of the s New England Nuclear Corporation, Boston, MA.
field of vision in the Zeiss Photomicroscope were known the number of myotube nuclei and total nuclei in each culture dish could also be calculated.
Unlike muscle fibers in vivo, myotubes in muscle cell culture are highly branched. Therefore, it was not possible to quantify the absolute number of myotubes in each culture. An attempt was made, nonetheless, to gain insight into cellular aspects of layer and broiler cultures by comparing the number of myotube segments that were visible in each microscope field. It should be understood that this value is only indirectly related to the actual number of cells in each culture because of extensive myotube branching, and that the actual length of each segment was not measured with a micrometer. The average length of each segment would be constant because the same microscope objective was used in all comparisons. Use of these measurements enabled us to obtain a relative estimate of the nuclear density (i.e., the number of myotube nuclei per myotube segment) in layer and broiler cultures.
Protein Synthesis Rate and Protein Content in Muscle
Cultures. Rate of total protein synthesis was measured in cell cultures at each age by pulse-labeling with 10 gtCi/ml 3H-L-leucineS for 4 h at 37 C in complete culture medium. At the end of the labeling period, the radioactive medium was decanted, each culture was rapidly rinsed three times with 10 ml of icecold 250 mM KC1, 10 mM MgC12, 10 mM Tris-HC1, pH 7.4, and cells were scraped from the dish with a plastic spatula into .5 ml of the above buffer. The radioactivity in total cellular protein was determined after first precipitating adliquots of the cell homogenate with 5% trichloroacetic acid (Riebow and Young, 1980) . The precipitates were collected on Millipore Type HA filters by vacuum filtration. Filters were dissolved by heating at 100 C for 15 min in .5 ml of .5 N HC1, followed by the addition of 1 ml of ethyl acetate. The radioactivity was analyzed with 10 ml of Aquasol 2 liquid scintillation cocktail, s
Total protein content was determined in aliquots of the cell homogenate by the method of Lowry et al. (1951) . Protein synthesis rates and protein content were divided by the number of myotube nuclei in order to normalize the data to a standard basis for comparative purposes. It should be understood that terms such as "nanograms protein per myotube nucleus" reflect the quantity of cytoplasm supported by each nucleus, rather than the actual quantity of protein encumbered within a single nucleus.
Myosin Heavy Cbain Concentration and
Synthesis Rate. The concentration and synthesis rate of the 200,000 dalton heavy subunit of myosin (MHC) were measured from the same culture samples exactly as described by Young et al. (1980) . Specific radioactivity of total intracellular 3Hqeucine was measured with the method of Airhart et al. (1979) .
Breakdown Rate of Myosin Heavy Chain.
Muscle cultures were incubated in the presence of complete culture medium containing .25 /~Ci of 3H-leucine/ml for 24 h for prelabeling of protein. Cultures were then incubated in complete medium (which contained .4 mM leucine) without 3H-leucine during the chase period. At the end of the labeling period, and at approximately 12-h intervals thereafter, duplicate 10-cm plates were rinsed once each with an iso-osmotic saline solution and isolation buffer (.25 M NaCI, .02 M Tris-HCI, pH 7.2) for removal of residual radioactivity. Cells were then scraped, homogenized and prepared for electrophoretic analysis of radioactivity in MHC. Five separate half-life experiments were conducted for layer and for broiler muscle cells. The radioactivity found in MHC at each of the times indicated was then calculated and corrected for the detachment of muscle cells from the culture dish that occurs over a period of several days. Failure to correct for cell loss would give artificially inflated half-lives that would reflect both intracellular degradation and cell detachment. At each timepoint during the chase period, duplicate cultures were stained with Giemsa stain, the number of myotube nuclei per culture was enumerated as described earlier and the fraction of muscle nuclei remaining at each timepoint was calculated. The radioactivity in MHC at each timepoint was then divided by the fraction of surviving muscle nuclei in order to obtain the amount of radioactivity that would have been present in MHC if no cell detachment had occurred. The logarithm of the corrected values was plotted as a function of time after initiation of the chase period. The time necessary for the radioactivity to decrease to 50% of its initial value was used as the half-life for MHC. Results are reported as the mean + 1 SD of the five experiments.
Results
Broiler and layer muscle cultures exhibited the same general developmental trend in that fusion began by d 1 and was essentially complete by d 3 to 4 (figure 1). Layer cultures, however, had a slightly higher percentage of nuclei within myotubes (figure 1), as well as a higher absolute number of nuclei within multinucleated myotubes (figure 2) through most of myogenesis. The gradual decline in number of nuclei in myotubes as a result of cell detachment (figure 2) was more pronounced in the present experiments than is usually observed (Young and Dombroske, 1981; . Because of fluctuations in the number of muscle cells, it was necessary to normalize all measurement to a standard basis for direct comparison.
As detailed in the Materials and Methods section, myotubes in muscle cell cultures are highly branched. Figure 3 shows that the number of myotube segments visible in each microscope field did not vary consistently between layer and broiler cultures. Thus, the extent of myotube branching was comparable in the two cell types. When data on total myotube nuclei per culture were combined with the number of myotube segments per culture, it was possible to calculate the nuclear density within the myotube segments of the two cell types. Figure  4 illustrates that the nuclear density (i.e., the number of myonuclei per myotube segment) was approximately 25% greater in the layer cultures than in the broiler cultures between d 2 and 8.
Total protein content of layer and broiler muscle cells was comparable during the first 4 d of development; however, broiler cells contained approximately 40% more protein per nucleus than layer cells during the later stages in culture (figure 5). Because the rate of incorporation of ~ into total protein was similar at all developmental stages in the two cell types (figure 6), and because the specific radioactivity of the intracellular 3H-leucine precursor was similar as measured by the method of Airhart et al. (1979) , we suggest that broiler cells accumulated more total protein as a result of a slower protein degradation rate.
More definitive results were obtained wherr synthesis, accumulation and degradation of MHC were quantitated in layer and broiler muscle cultures. Except on d 1 and 8, the synthesis rate of MHC was significantly higher in layer muscle cells than in broilers (figure 7). However, the broiler cultures accumulated greater quantities of MHC, especially between d 6 and 10 (figure 8). When the breakdown rate of MHC was quantitated by the pulse-chase technique, the half-lives of MHC in broiler and layer cultures were 103 -+ 18 and 45 -+ 12 h, respectively. Thus, the capacity of broiler muscle cultures to accumulate more protein per physiological unit was due to their slower breakdown rate.
Discussion
The use of muscle cell cultures from divergent strains or breeds of meat animals as a model system may be of value in research aimed at determining the biochemical factors that control muscle growth. Although we were unable to locate previous studies that compared the two strains of chickens employed for the present investigation, Mizuno and Hikami (1971) have compared muscle growth in White Cornish chicks (a meat-type bird) and White Leghorns (egg-type bird) up to 8 wk after hatching. White Cornish chicks were slightly heavier than White Leghorns at hatching; however, the weights of selected leg and breast muscles were virtually identical. By 8 wk after hatching, the muscle weights and body weights of White Leghorns were approximately twothirds those of White Cornish chicks. No increase in the number of muscle fibers occurred in either strain after hatching, but meat-type chickens had approximately 30% more muscle fibers than egg-type chickens (Mizuno and Hikami, 1971) . Moreover, the diameter of muscle fibers was approximaely 5 to 15% greater in meat-type chickens than in egg-type chickens (Smith, 1963; Mizuno and Hikami, 1971; Aberle et al., 1978) .
The ratio of protein to DNA is an indication of physiological muscle cell size (i.e., the quantity of cytoplasm supported by a single nu- cleus), and this ratio in more heavily muscled animal strains of a given species is usually slightly lower than the ratio of protein to DNA in smaller animals (reviewed by Burleigh, 1980) . Meat-type and egg-type chickens seem to conform to this general trend, since the ratio of N to DNA in the sartorius and gastrocnemius muscles is approximately 15 to 20% lower in 8 wk White Cornish chicks than in White Leghorn chicks (Mizuno and Hikami, 1971) . These data on live birds are in contrast to those obtained from muscle cell cultures (figure 5), where the ratio of protein to DNA was approximately 40% higher in cell cultures from the meattype chickens between d 6 and 10 in culture. Moreover, the data presented by Mizuno and Hikami (1971) , which are expressed as milligrams N per milligram DNA, can be recalculated in nanograms protein per nucleus by assuming that protein contains 16% N and the chick nucleus contains 2.5 x 10 -12 g DNA. It is to be emphasized that each value represents the quantity of total cellular protein supported by each nuclear equivalent. Protein concentration and myotube nuclei numbers were determined as described in the Materials and Methods section, and each value represents the mean • SE of results from five experiments in which cell counts were made in duplicate and protein measurements were made in triplicate.
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these data are compared with the protein content of muscle cell cultures. First, the quantity of protein per nucleus in 6 to 10 d muscle cultures is approximately the same as the quantity of protein per nucleus in chicks at the time of hatching. Secondly, the maximum quantity of protein per nucleus in 8 wk White Cornish and White Leghorn chicks is roughly six to 10 times higher than the quantity of protein per nucleus in muscle cultures.
In the absence of innervation and circulating factors, therefore, muscle cell cultures would seem not be accumulate protein beyond that normaUy needed in the embryonic stage. At most of the culture ages studied, layer muscle cell cultures contained more myotube nuclei (figure 2) and a higher percentage fusion than broiler muscle cultures (figure 1). The reasons for this are not clear, in view of other observations that broiler myogenic cells likely proliferate more rapidly than layer cells (Mizuno and Hikami, 1971; Burleigh, 1980) . One possible explanation is that 12-d layer chick embryo leg muscle has a slightly higher percentage of mononucleated, replicating myogenic cells than broiler embryo muscle and that, since layer and broiler muscle . Developmental changes in the rate of incorporation of 3H-leucine into total protein in muscle cell cultures isolated from the leg muscle of 12-d layer (L) and broiler (B) chicken embryos. Each 10-cm culture dish was pulse labeled for 4 h in complete culture medium containing 10 #Ci/ml of 3H-leucinr Incorporation of radioactivity into protein and enumeration of myonuctei number were as described in the Materials and Methods section.
cultures were initially plated at equal densities, this higher percentage continued to be manifested in muscle cell cultures. We have observed elsewhere (Young et al., 1978) , for example, that the maximum percentage fusion observed in mouse muscle cultures is approximately the same as the percentage of myogenic cells in the muscle tissue. On the other hand, Mizuno and Hikami (1971) observed no differences in either DNA content or muscle weight between White Leghorn and White Cornish chicks at hatching, suggesting that divergence between the two strains might occur only after hatching.
Greater protein accumulation per physiological unit in broiler muscle cultures was apparently the result of a lower breakdown rate, since the rate of incorporation of 3H-leucine into total protein and the specific radioactivity of the 3H-leucine precursor were similar. Moreover, the breakdown rate of the 200,000 dalton subunit of myosin was also slower in broiler muscle cell cultures than in layer muscle cultures. Whether the slower apparent breakdown rate in broiler cultures is a result of diminished protease concentration, or whether the activity of certain proteases is suppressed by differences in intracellular conditions, is not known.
The fact that the half-lives for MHC in both layers and broilers in this study are substantially different than those reported elsewhere (Rubinstein et al., 1976; is likely due to a number of factors. Most of this variability probably results from the different cell culture conditions used by each laboratory, as well as the variation in quality and contents of embryo extract and horse serum. For example, such seemingly trivial changes in cell culture conditions as different lots of serum from the same supplier may cause up to fivefold differences in the rate of myosin synthesis (Young and Dombroske, 1981) . The most important consideration in our view is not necessarily the absolute rate of breakdown of MHC, but to rigorously control all the variables when a comparative study such as the one reported here in conducted. Figure 8. Developmental changes in the quantity of myosin heavy chain (MHC) per physiological unit in muscle cell cultures isolated from the leg muscles of 12-d layer (L) and broiler (B) chick embryos. MHC content was quantitated from the same polyacrylamide gels that were used for the measurements of MHC synthesis rate presented in figure 7 . The procedure for simultaneous quantitation of MHC synthesis rate and content was that of Young et al. (1980) . Because embryo extract contains factors of neural and of circulatory origin that may affect the differentiation of myogenic cells, it was necessary to conduct a limited investigation of the effects of embryo extract in the reciprocal combinations to those reported here. When these conditions were examined (i.e., layer cells with broiler embryo extract instead of layer extract, and broiler cells with layer embryo extract instead of broiler extract), the results were qualitatively similar. Broiler cells still accumulated more total protein per nucleus than did layers between d 6 and 10. Therefore, the conclusion seems justified that the observed differences between layers and broilers are primarily due to intrinsic genetic differences rather than to exogenous factors added to the cell cultures in embryo extract.
As with all experiments that employ primary muscle cell cultures, the potential contribution of protein and myosin heavy chain from nonmuscle cells must be considered in the interpretation of data from figures 5 and 8. We have previously shown that fibroblasts contain approximately .075 ng/cell of total protein and .8 pg/cell of constitutive myosin heavy chain (Young et al., 1979a) . By comparison of these data with the data in figures 5 and 8, it is clear that the contribution of protein by fibroblasts would be less than 5% of the total in the older cultures. The contribution by myosin heavy chain from fibroblasts would be even lower because fibroblast myosin is partially soluble under the ionic conditions employed to quantitatively precipitate myosin heavy chain, and only about one-third of it would be recovered under the conditions employed in this study (c.f., Young and Dombroske, 1981) . It seems unlikely, therefore, that the data in figures 5 and 8 are seriously affected by the contribution of fibroblasts or that the observed differences between layers and broilers could have resulted from the slightly different percentages of fibroblasts in the two cultures (figure 1).
In summary, under the specific set of rigorously controlled conditions employed in this study, broiler cultures accumulated more protein per nucleus than layer cultures. This difference apparently resulted from a slower protein breakdown rate in broiler muscle cells.
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